Jatropha curcas L. has been identifi ed for biofuel production but it presents limited commercial yields due to limited branching and a lack of yield uniformity. The objective of this study was to evaluate the effects of single application of ethephon or a combination of 6-benzyladenine (BA) with gibberellic acid isomers A 4 and A 7 (GA 4+7 ) on branch induction, fl owering and fruit production in jatropha plants with and without leaves. Plants with and without leaves showed differences for growth and reproductive variables. For all variables except infl orescence set, there were no signifi cant statistical interactions between the presence of leaves and plant growth regulators concentration. The total number of fl owers per infl orescence was reduced as ethephon concentration was increased. As BA + GA 4 +7 concentration increased, seed dry weight increased. Thus, ethephon and BA + GA 4 +7 applications appeared to affect fl owering and seed production to a greater extent than branching. The inability to discern signifi cant treatment effects for most variables might have been due to the large variability within plant populations studied and thus resulting in an insuffi cient sample size. Therefore, data collected from this study were used for statistical estimations of sample sizes to provide a reference for future studies.
INTRODUCTION
Jatropha (Jatropha curcas L.) is a pantropical species widely distributed in Central and South America that has been identified for biofuel production (Francis et al. 2005) . The oil extracted from the seeds produces good quality biodiesel comparable with fossil diesel and biodiesel from other agronomic crops (Fairless 2007) . Furthermore, the oil has been successfully tested for use as bio jet fuel, meeting European and American quality standards (Openshaw 2000) .
Jatropha is still undomesticated and not considered a commercial crop due to the lack of breeding and genetic improvement, as well as the lack of specifi c cultivation practices (Francis et al. 2005) . Most existing plantations were initiated from seeds derived from wild plants and therefore yields are variable (Carels 2009 , Fairless 2007 and productivity is non-uniform (Kant and Wu 2011) .
Seed and oil yield in jatropha are affected by several factors, such as genetics (Das et al. 2010, Mohapatra and Panda 2010) , age of the plant (Jongschaap et al. 2007) , site characteristics such as rainfall, soil type and fertility (Francis et al. 2005) , and agronomic practices such as plant spacing, pruning, irrigation, and fertilization (Behera et al. 2010 , Gosh et al. 2011 . Seed and oil production are also dependent on female fl ower production and seed set (Jongschaap et al. 2007 ). Therefore, a high male to female ratio is considered one of the factors limiting yield in this species (Wu et al. 2011) . Because inflorescences are formed terminally on the branches, poor branching is considered a limitation to high yields (Carels 2009, Mohapatra and Panda 2010) . Kureel (2006) reported that the overall oil yield could be improved by increasing the total number of fruit-bearing branches per plant.
Plant growth regulators (PGRs) have been used to modify plant architecture (Hayashi et al. 2001 , Mackay et al. 2007 ). Exogenous applications of PGRs have been shown to induce growth responses resulting in increased growth and yield in a variety of crops including jatropha, Zea mays L. (corn), and Gossypium hirsutum L. (cotton) (Abdelgadir et al. 2010 , Biles and Cothren 2001 , Shekoofa and Emam 2008 . Ethephon decomposes to ethylene within plant tissues and it is widely used as a plant growth regulator in commercial crop production. Ethephon is also used to reduce stem elongation, increase lateral branching, and manipulate fl ower initiation (Campos et al. 2009 , Tamari e al. 1998 . A combination of 6-benzyladenine (BA) with gibberellic acid isomers A 4 and A 7 (GA 4+7 ) has been used to increase shoot elongation and fl ower production, as well as to release buds from apical dominance, promoting branch development (Jacyna and Puchala 2004 , Keever and Foster 1990 , Ravetta and Palzkill 1992 .
Studies on the use of PGRs to induce branching and to improve yield in jatropha are limited. Increased branching in jatropha could increase fruit production. The objective of this study was to evaluate the effects of ethephon or BA + GA 4 +7 applications on branch induction, and subsequent flowering and fruit production in jatropha. The effects of PGRs on plants that were already actively growing and plants in a pre-leaf stage at the time of application were evaluated. As per manufacturers' recommendations, ethephon and BA + GA 4+7 should be applied to actively growing plants. Plants with leaves were actively growing at the time of PGR applications, and had already started to fl ower and initiate fruit production. In contrast, plants "without leaves" had buds but they were at a pre-leaf stage at the time of PGR applications.
MATERIALS AND METHODS

PLANT
MORPHOLOGICAL MEASUREMENTS
Plants were monitored from May through November 2011. In November 2011, fi nal plant size (cm) and number of branches per plant were recorded. Plant height (cm) was measured as the distance between soil surface and the tip of the main stem. Plant canopy area (cm) was measured in two perpendicular directions (width1 and width2). Plant size (cm) was calculated by (height + width1 + width2)/3, as suggested by Keever (1994) . The number of all branches longer than 3 cm were recorded (Abdelgadir et al. 2010) .
The total number of infl orescences per plant was recorded monthly. Inflorescence set was determined as the percentage of inflorescences with fruit per treatment. Number of fl owers per inflorescence (total, male and female flowers), male to female fl ower ratio, number of fruit per bunch, and percentage of fruit set, were determined as the mean of 8 infl orescences randomly selected on each plant; a total of 32 inflorescences per treatment. Fruit set was determined as the percentage of fruit divided by the number of female fl owers per infl orescence. Fruit set was estimated one month after the first inflorescence flower had opened. Total number of fruit per plant was recorded by harvesting and counting all fruit from inflorescences, formed after PGR application. Fruit were manually harvested when they started to mature. Total number of seeds per plant was recorded by manually opening all fruits from each plant and counting the number of seeds. Fruit yield (g) was recorded as the whole fruit fresh weight of all fruits harvested per plant. Seed yield (g) was recorded as the whole seed dry weight of all seeds harvested per plant, after seeds were oven dried for 48 h at 70 °C. Fruit fresh weight (g), number of seeds per fruit, seed fresh (g) and dry weight (g), and seed length (mm), thickness (mm) and width (mm) were given as the mean of 50 fruit or seeds randomly selected per plant, a total of 200 fruit or seeds per treatment. To calculate 100-seed weight (g), 100 seeds from each plant were randomly selected and weighed.
EXPERIMENTAL DESIGN AND DATA ANALYSIS Data for each PGR (ethephon or BA + GA 4+7 ) were analyzed separately. For each PGR, data were analyzed as a 2 (leaf presence or absence) by 4 (PGR concentration) factorial, with 4 single-plant replications per treatment combination, laid out in a completely randomized design. Two-way analysis of variance was performed to evaluate possible interactions between leaf presence and PGR concentrations. Regression analysis was performed to evaluate linear and quadratic responses of plant growth and development variables to PGR concentrations. Plants with and without leaves were combined for regression analysis for variables if no interaction between leaf presence and PGR concentration was detected. Differences
between plants with leaves and without leaves were determined with a Student's T-test. Statistical analyses were performed using SAS Software (SAS Institute Inc., Cary, North Carolina, USA).
RESULTS
Within 4 h of ethephon and BA + GA 4 +7 foliar applications, a light rain (0.80 mm) occurred at TREC, with a total of 15.8 mm for the day. Both ethephon and BA + GA 4 +7 might have had their activity reduced due to rainfall within 6 to 24 h of application. Therefore plants were monitored daily to confi rm any potential reduced activity of both PGRs. Plants sprayed with ethephon at 1000 or 2000 mg . L -1 showed leaf, inflorescence, fruit yellowing, and leaf abscission beginning on the third day until the seventh day after application. Leaf burn was also observed for all ethephon concentrations. Plants sprayed with BA + GA 4 +7 at 500 or 1000 mg .
L
-1 showed a slight leaf curling and leaf drop 4 days after application.
Plants with leaves were different from plants without leaves for several variables including plant size, number of fruit per plant, number of seeds per plant, fruit yield, seed yield, number of seeds per fruit, and infl orescence set (Tables SI and SII Supplementary Material) . Except for infl orescence set, there was no interaction between leaf presence and PGR concentration. Therefore, for all variables except infl orescence set, data from plants with or without leaves were pooled for regression analysis, increasing sample size to 8 plants per treatment. Data on flowering was not collected for plants without leaves. We expected to see continuous fl owering for both plants with and without leaves. However, fl owering for plants without leaves was concentrated within the month of June and after that very few infl orescences were produced. Therefore, the numbers of infl orescences collected were not suffi cient for statistical analysis and the data was not included.
Ethephon or BA + GA 4 +7 applications at all concentrations tested, had no effect on the number of branches, infl orescences, fruits and seeds (P > 0.05) (Tables SI and SII) . However, for plants treated with ethephon, there was a linear response to PGR concentration for the number of fl owers and for the number of male fl owers per infl orescence. As ethephon concentration increased, there was a reduction in both the numbers of fl owers and male fl owers per infl orescence (Fig. 1, Table III ). Flower variables were not affected by BA + GA 4 +7 applications (Table III) . Plants treated with BA + GA 4 +7 showed a linear relationship between concentration and seed dry weight. As BA + GA 4 +7 concentration increased, seed dry weight also increased, although with a low correlation coeffi cient (R 2 = 0.15) (Table   SII) .
DISCUSSION
Ethephon has been reported to promote yellowing and abscission in different plant parts (Crisosto et al. 1991 , Trueman et al. 2002 , similar to observations in this study at 1000 and 2000 mg . L -1 . High PGR concentrations or multiple PGR applications can result in phytotoxity symptoms such as leaf curling, leaf cupping, and discoloration (Oates et al. 2004) . Leaf curling and leaf drop that were observed at 500 or 1000 mg . L -1 of BA + GA 4+7 could indicate phytotoxic effects at these concentrations. The presence of these symptoms indicates that the light rain which occurred within 4 h of PGR applications had no or little effect on the activity of either PGR, although a dilution effect caused by the rain cannot be discarded. The number of male fl owers per infl orescence decreased as ethephon concentration increased. This could explain why plants treated with ethephon showed a lower mean male to female fl ower ratio compared to plants treated with BA + GA 4 +7 . Ethephon may have reduced the formation of fl owers (Kher et al. 1974, Nagao and Sakai 1990) and/or increased the abortion of young flowers (Tamari et al. 1998) . The increase in seed dry weight as BA + GA 4 +7 concentrations increased could be due to assimilate mobilization into the seeds caused by cytokinins and gibberellins (Brenner et al. 1989) . Gibberellins have been shown to be related to early and late seed development and their concentration is usually correlated with seed fresh weight accumulation in different species (Pharis and King 1985) . Similarly, BA is known for its ability to allocate nutrients to sites of application (Crosby et al. 1981) . Increased seed dry weight due to BA + GA 4 +7 application supports the hypothesis that gibberellins and cytokinins could play an important role on improving seed yield.
The lack of a branching response to PGR applications could be related to factors such as plant age, PGR concentrations, and the number of PGR applications. Effects on branching, plant height and number of infl orescences per plant have been shown to vary among several herbaceous species due to single and multiple ethephon applications at 500 likely that the concentrations used in our study were not suffi ciently high to promote branching and increased fruit production in 2-year-old jatropha plants, when applied as a single foliar treatment under South Florida environmental conditions. It is possible that repeated PGR applications might have resulted in more branching effects, as reported by Preece (1990) and Mackay et al. (2007) . The method of PGR application might also have affected the results of this study. BA applied directly to forming infl orescences was effective in inducing development of bisexual fl owers, increasing the number of female fl owers per infl orescence, and increasing seed yield (Pan and Xu 2010) . PGR applied directly to forming infl orescences could have affected flower formation differently than PGR foliar application did.
The low response to PGR treatments could also be related to the genotype effect, i.e., an accession with plants in both pre-leaf and leaf stage at the time of PGR applications. Such genotype effect is probably responsible for the lack of signifi cant treatment responses of most variables, although some trends were observed.
Due to the large variance observed within control plants, which could be greater than treatment effects, we decided to estimate sample sizes 
where n is the required sample size, Z α is the value of the standardized normal variate corresponding to α, v s is the sampling variance, x is the sample mean value, and d is the margin of error expressed as a fraction of the plot mean (Gomez and Gomez 1984) . Adequate sample sizes are important to increase the probability of detecting statistically significant differences among treatment means. However, in horticultural experiments, fi eld plots usually consist of limited number of plants. Sample size in this study was limited due to a limited number of plants in the fi eld. In situations like this, inherent variability becomes an important factor to be considered (Batchelor and Reed 1918) . As a consequence of genotypic variability within plants in this experiment, our results showed that the predicted sample sizes required for all variables evaluated, needed to be larger than those used in this study (Table IV) .
As jatropha is a wild plant there is great variability within individuals. Although variability within jatropha plants has been reported in several studies (Mohapatra and Panda 2010 , Das et al. 2010 , Rao et al. 2008 , there are no reports in literature about the extent in which sample size is affected by plant variability. This study consists on the fi rst attempt to assess sample size in jatropha, based in plant inherent variability for plant growth, yield and yield components. Therefore, although sample sizes in the present study were probably too small to detect statistically signifi cant differences, data collected provided useful information for future studies of PGR application effects on jatropha growth and development. In plant populations with very large inherent variability, the number of samples required to detect signifi cant treatment differences are often too great to be practical. However, the number of samples required can be greatly reduced if the experiment is repeated over a number of years, and a yearly component is added to the statistical design and analysis (Schaffer and Baranowski 1986) . Thus, we suggest that further experiments consider multiple year trials using a greater number of repetitions for fi eld studies performed with jatropha plants originated from seeds. It is possible that a greater number of repetitions per treatment would have found a response to the ethephon and BA + GA 4 +7 treatments on jatropha branching, fl owering, and fruiting parameters.
CONCLUSIONS
This study represents the fi rst assessment of the effects of ethephon and BA + GA 4 +7 applications on branching in jatropha and provides invaluable information on sample size requirements on which to base future studies of the effects of foliar PGR applications on jatropha.
Ethephon and BA + GA 4 +7 at the concentrations tested appeared to have a greater effect on flower and seed production than in branching stimulation. However, treatment effects may have been affected by dilution of PGR concentration and by genotype variability.
Further studies are necessary to clarify the responses of ethephon and BA + GA 4 +7 applications in jatropha. Clonal material should be used to avoid the potential genetic variability. Single and multiple foliar applications, as well as higher product concentrations should also be considered. Product applications to forming infl orescences under South Florida conditions should also be included in future studies.
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